ABSTRACT Lindgren multiple funnel traps and Japanese beetle traps captured more lesser grain borers, Rhyzopertha dominica F. (Coleoptera: Bostrichidae), than did Pherocon II sticky traps or bucket traps when all were baited with the same aggregation pheromones. Bucket traps captured six-fold fewer beetles than Lindgren four-unit traps. Retentions of captured R. dominica were not signiÞcantly different in traps with soapy water or dry insecticide as killing agents for either trap design but were signiÞcantly higher than those retained in traps lacking a killing agent. Lindgren eight-unit funnel traps captured a similar number of R. dominica compared with the four-unit funnel traps. More beetles were captured near grain storage facilities than in forests or in open Þelds. Trap height (1, 2, or 4 m above the ground) had no detectable effect across habitat but signiÞcantly interacted with habitat. Traps placed 1 or 2 m high near grain elevators and in open Þelds captured similar numbers of beetles and yielded higher catches of R. dominica than traps placed 4 m high in these habitats. The reverse was true in forest habitats. Captured R. dominica were similarly female-biased in all trap designs, and the proportion of females to males did not differ among trap heights or habitats in which they were trapped.
THE LESSER GRAIN BORER, Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae), is a serious pest of stored grain worldwide. Life history and development of R. dominica were described in early works (e.g., Potter 1935 , Crombie 1941 . R. dominica is highly polyphagous and has been recorded feeding on diverse food crops such as legumes, tubers, bulbs, cereals, and packaging material made from wood (Potter 1935) . Susceptible cereal crops include wheat, maize, rice, and sorghum (Hagstrum et al. 1999) . R. dominicaÐinfested grain decreases in value as a function of live insects, insect damaged kernels, or insect fragments in milled products. Unlike most primary stored-grain pests, R. dominica is not known to attack cereals in the Þeld, but it is a strong ßier and has been found infesting grain, in supposedly clean stores, within weeks or months after storage (Gates 1995) . This rapid colonization behavior, strong ßight ability and broad polyphagy, coupled with the fact that R. dominica has been trapped in diverse environments, including woodlands substantial distances from grain stores (Cogburn 1988) , led us to suspect movement of this pest between potentially natural habitats and grain storage facilities.
Current management strategies for R. dominica involve the use of broad-spectrum insecticides, particularly organophosphates or pyrethroid grain protectants such as malathion, pirimiphos-methyl, chlorpyrifos-methyl, and deltamethrin (Arthur 1996) . Insecticides are effective in many cases, but insecticide resistance is evident in many populations of R. dominica, because of excessive use (Benhalima et al. 2004) . Additionally, insecticides can be harmful to nontarget species and may pollute the environment ( Lorini and Galley 1999) . Thus, there is a need to develop sustainable and environmentally friendly pest management tactics.
Effective control of R. dominica, as well as other stored-grain pests, with minimal insecticide use requires an integrated management approach combining sanitation, monitoring, and other preventive practices, including use of pheromone-baited traps. Pheromone traps can detect pests, monitor their distributions in storage facilities, and possibly manipulate their populations (Phillips et al. 2000) . The two maleproduced aggregation pheromones of R. dominica are (S)-(ϩ)-1-methylbutyl(E)-2-methyl-2-pentenoate (dominicalure-1 [DL-1]) and (S)-(ϩ)-1-methylbutyl (E)-2,4-dimethyl-2-pentenoate (dominicalure-2 [DL-2]) (Williams et al. 1981) . Both pheromones are equally attractive to both sexes of the beetle in the Þeld and in the laboratory. Sensitive and reliable pheromonebaited traps are needed for R. dominica.
Factors that may affect efÞcacy of pheromonebaited traps include target species, trap design, trap height, time of day, dosage of pheromone per trap, and habitat ( Barak et al. 1991 , De Groot and DeBarr 1998 , Boucher et al. 2001 . Consideration of these factors would enhance consistency and efÞciency of a trapping program for R. dominica. Our objectives, therefore, were to evaluate the effects of trap design, trap height, and habitat on capture of R. dominica in pheromone-baited traps.
Materials and Methods
Pheromone Lures. Pheromone lures used in the experiments were fabricated in our laboratory. Brießy, number 11.5 sleeve stoppers (Fisher, Pittsburgh, PA; referred to here as rubber septa) were Þrst cleaned by soaking overnight in dichloromethane and allowed to air dry under a fume hood for 24 h. Pheromones were applied to the interior of a rubber septum by a 50% hexane solution containing 5 mg each of DL-1 and DL-2. Treated rubber septa were afÞxed to traps as described below, and new lures were used for each trapping period in each experiment.
Experimental Series 1: Trap Comparisons. Four trap designs for ßying insects were evaluated in 2000 in an open Þeld near Stillwater, OK (Table 1; open Þeld I). The study site was selected based on proximity to our laboratory, sustained high R. dominica population, and a large plot size to accommodate the large number of traps in the experiment. Trap types evaluated in the Þrst study were the Lindgren four-unit multiple funnel traps (PheroTech, British Columbia, Canada), Japanese beetle traps (Tré cé , Inc., Salinas, CA), Pherocon II traps (Tré cé , Inc.), and Unitrap or bucket traps (Agrisense/Biosys, Columbia, MD; Fig.  1 ). Lindgren funnel traps consist of a series of vertically connected black-plastic cone-shaped funnels terminating in a white-plastic collection jar at the bottom (Lindgren 1983) . A pheromone lure was suspended by a wire at the midpoint inside the second funnel from the bottom of each trap. Japanese beetle traps have four-Þnned (omnidirectional) veins on the top of a tapered cone leading to a collection cup. Japanese beetle traps used in this study were yellow. A pheromone lure was afÞxed by a wire to the center of one Þn on each Japanese beetle trap. Pherocon II traps were diamond-shaped white cardboard traps designed to capture ßying insects such as moths and beetles on an inner sticky surface. A pheromone lure was simply placed on the center of the bottom sticky surface of each pherocon II trap. Bucket traps consist of a funnel-shaped plastic receptacle with a lid and holder for attaching lures mounted over a bucket for retaining captured insects. A pheromone lure was suspended within the funnel, attached at the lid, of each bucket trap. Bucket traps used in the study had whitecolored receptacles and green lids. ModiÞcations to traps included inserting a Þner screen in the collection cups of the Lindgren traps and replacing the collection cup of the Japanese beetle traps with a 100-ml glass jar. These modiÞcations were necessary because R. dominica could escape through the original equipment.
With the exception of Pherocon II traps that had a sticky surface, captured insects were prevented from escaping by placing pieces of No-Pest Strip (United Industries, St. Louis, MO; active ingredient: dichlorvos) in trap receptacles. Traps were hung from vertical polyvinyl chloride pipe stands we inserted into the soil, Ϸ1.7 m above the ground, which placed traps above the grass that generally grew to a height of Ϸ1 m. The Þrst study was conducted as a randomized complete block design from 30 May to 15 June 2000. Eight experimental blocks of traps were deployed in the Þeld as separate trap lines in east-west orientations, perpendicular to the prevailing southerly winds, in which each of the four trap types was represented once and randomly assigned a position in each block. There were 15Ð20 m between traps in a block and at least 50 m between blocks. A second experiment was conducted in the same Þeld to compare the efÞcacy of Lindgren four-unit traps versus the longer eight-unit funnel traps of the same basic design in capturing R. dominica. The experiment was conducted from 16 August to 1 September 2000 and was deployed as a completely randomized design in which four traps of each of the two designs were randomly arranged in the Þeld with a minimum of 80 m between traps.
Experimental Series 2: Effect of Trap Height and
Habitat on Capture of R. dominica. We tested the hypothesis that captures of R. dominica in pheromonebaited traps would vary because of differences in trap height and habitat, which may reßect optimal ßight height and habitat preference of R. dominica, by conducting an experiment from 7 July to 10 October 2002 at six locations (Table 1) . Two of each of three different habitats were used: a forest, an open agricultural Þeld, and an open Þeld adjacent to a grain storage facility, hereafter referred to as wooded, open Þeld, and grain elevator, respectively. Based on the results of Experimental Series 1, the Lindgren four-unit multiple funnel traps were used in this experiment. Three traps baited with pheromone lures were deployed at each of the six locations, and each trap was assigned to one of three heights at each location. Trap heights were measured as the distance from the ground to the bottoms of the collection cups: 1, 2, or 4 m. The 1-and 2-m-high traps were hung from vertical polyvinyl chloride pipe stands equipped with a horizontal top arm. Those at 4 m were attached to ropes hung on the top vertical arms of 5-m vertical metal pipes inserted in the ground. Ropes were run through pulleys bolted to the arm of the pipe to facilitate trap servicing. The three traps at each location were spaced 15Ð20 m apart and arranged in an east-west orientation, perpendicular to the prevailing southerly winds. Traps at the grain elevator sites were placed at least 6 m away from grain bins. Soapy water was used in the collection cups to prevent captured insects from escaping. Trap positions were rotated weekly at each location to minimize positional effect on trap catch. The study was organized as a two-factor experiment. The main factors in the experiment were habitat types and trap height, each of which had three levels, and there were two replicates represented by the two habitat locations of each type. Trapping occurred at each location for a 1-wk period and was repeated for 15 wk, so that 30 replications were accumulated.
Experimental Series 3: Retention of Trapped Insects. R. dominica captured in our trap comparison study and in the habitat and trap height study were restrained with insecticide strips and soapy water, respectively. However, it has been suggested that different trap designs, supplied with different killing agents, might be differentially effective in retaining captured insects (Morewood et al. 2002, De Groot and Nott 2003) . We therefore studied retention of captured R. dominica in pheromone-baited Lindgren four-unit funnel and Japanese beetle traps using different killing agents. We chose the Lindgren four-unit funnel and Japanese beetle traps because results from Experimental Series 1 suggested that these two trap types were equally effective in capturing R. dominica, and these captured more R. dominica than others.
The killing agents tested were soapy water and insecticide strips emitting dichlorvos. Approximately 60 ml of soapy water (2% vol:vol of Palmolive washing liquid soap; Colgate-Palmolive Company, New York, NY) was added to the collection cups of both trap designs, hereafter referred to as wet traps. Dichlorvos was gradually emitted from a 2 by 3 by 0.8-cm blocks cut from a No-Pest strip placed in the collection cups of the tested trap designs, hereafter referred to as dry traps. Control traps consisted of pheromone-baited Lindgren funnel traps and Japanese beetle traps left blank, i.e., with neither soapy water nor dichlorvos. Lindgren funnel traps used for wet trapping were further modiÞed by placing 100-ml plastic cups in the collection cups to prevent drainage of soapy water through the wire mesh in bottom of the cups. The modiÞed Japanese beetle trap had no drainage holes; however, no rainfall occurred for the 6-d duration of the experiment (Stillwater weather data: http://www. mesonet.org).
The bioassay was conducted from 6 to 12 September 2004 in forest habitats (Table 1) . Based on the results from Experimental Series 2, the forest habitat was selected for the retention study. The traps, arranged in east-west orientations, were hung from PVC pipes Ϸ2 m above ground and were spaced 15Ð20 m apart. The experimental design was a completely randomized block in which each of the two forest sites represented a block. Treatments were replicated three times in each block to yield six replications.
Sex Ratio. Sexes were determined from sampled insects in Experimental Series 1 and 2 to determine if different trap designs, trap height, and habitats affected sex ratio of captured R. dominica. Sex was determined by squeezing the abdominal body region to extrude their genitalia, which were viewed under a dissecting microscope (Crombie 1941 ). Generally, 30% or more of the insects captured in each trap was sexed, but this number differed based on insect condition. Insects in the Experimental Series 2 were sampled from all treatments at Þve different trap-check dates. Because the numbers of beetles sexed were not equal between treatments within experiments, data were standardized by converting the number of males and females sexed per treatment into proportion of the number of beetles sexed per treatment. Data on the proportions of males and female captured in Experimental Series 1 were analyzed as a two-factor experiment in which the main factors were trap design and beetle sex. Similarly, data on the proportions of males and female captured in Experimental Series 2 were analyzed as a three-factor experiment in which the main factors were habitat type, trap height, and beetle sex.
Data Analysis. Trap catch data were analyzed using SAS PROC MIXED (SAS Institute 2001). Blocks (trap design study) and locations and weeks (habitat, trap height study) were considered as random effects in the respective mixed models and therefore included in the RANDOM statement within the PROC MIXED code. Before data analysis, count and percentage data were transformed using the log(x ϩ 1) and squareroot arcsine transformation methods (Zar 1999) , respectively, to satisfy the assumptions of normality and homogeneity of variance. Actual means and SEs are presented in the text, tables, and Þgures. TukeyÕs Studentized range test was used to separate means (Tukey 1953 ).
Results
Experimental Series 1: Trap Design. The number of R. dominica captured differed signiÞcantly (F ϭ 32.6; df ϭ 3,28; P Ͻ 0.001) among trap types. Lindgren four-unit funnel traps and Japanese beetle traps captured the most beetles (Fig. 2) . Bucket traps captured six-fold fewer beetles than Lindgren traps. Analyses of proportions of females only revealed no signiÞcant differences among trap types (F ϭ 1.7; df ϭ 3,28; P ϭ 0.193); a similar Þnding was obtained when examining proportions of males captured (F ϭ 1.8; df ϭ 3,28; P ϭ 0.17). Female to male ratios were signiÞcantly female biased (F ϭ 100.5; df ϭ 1,56; P Ͻ 0.001). This ratio ranged from 0.67 Ϯ 0.08 to 0.78 Ϯ 0.04 but did not differ among trap types (F ϭ 0.03; df ϭ 3,56; P ϭ 0.992). Capture of R. dominica in Lindgren four-funnel and eight-funnel traps was similar (F ϭ 0.8; df ϭ 1,7; P ϭ 0.391), with average captures of 55.8 Ϯ 8.4 and 59.6 Ϯ 4.8, respectively.
Experimental Series 2: Trap Height and Habitat. There was a signiÞcant interaction between habitat and trap height (F ϭ 5.7; df ϭ 4,225; P Ͻ 0.001). Traps placed 1 or 2 m high near grain elevators captured more beetles than the other habitat and trap height combinations (Fig. 3) . The next largest capture was in traps placed at 4 m high near grain elevators and in the forest and Þeld sites. Mean numbers of beetles captured were not signiÞcantly different between forest and open Þelds when traps were placed at 1 or 2 m high. Traps at 4 m high in open Þelds captured the fewest R. dominica (Fig. 3) . There was no signiÞcant main effect for the trap height factor (F ϭ 2.1; df ϭ 2,225; P ϭ 0.120); but the main effect for habitat factor was signiÞcant (F ϭ 64.0; df ϭ 2,225; P Ͻ 0.001). Traps in areas adjacent to grain elevators signiÞcantly (F ϭ 27.5; df ϭ 2,135; P Ͻ 0.001; Fig. 4 ) captured more R. dominica than those in forest or open Þelds. The openÞeld habitat yielded the fewest beetles, four-fold fewer than near the grain elevator sites, and about one-half the number captured in the wooded sites (Fig. 4) .
Analysis of proportion of R. dominica sexes captured using a three-factor analysis of variance (ANOVA) test showed minimum interactions among habitat, height, and sex (F ϭ 2.3; df ϭ 4,90; P ϭ 0.065). Interactive effects between trap height and beetle sex (F ϭ 1.3; df ϭ 2,90; P ϭ 0.267) and for habitat and trap height combinations (F ϭ 0.01; df ϭ 4,90; P ϭ 0.999) were not signiÞcant. However, there were signiÞcant interactions between habitat and sex (F ϭ 3.3; df ϭ 2,90; P Ͻ 0.04). More females than males were captured within each habitat, but the sex ratio was consistent within habitats (Fig. 5) . Trap height and habitat were not signiÞcant in the model. Female to male ratios were signiÞcantly female biased (F ϭ 202.2; df ϭ 1,90; P Ͻ 0.001), with a mean ratio of Ϸ3:2.
Retention of captured R. dominica did not differ signiÞcantly between traps with soapy waters and those with dichlorvos for either trap design (Fig. 6 ), but these were signiÞcantly higher than those retained in control traps (F ϭ 7.2; df ϭ 5,25; P Ͻ 0.001).
Discussion
Trap design signiÞcantly affected outdoor trapping of R. dominica. Lindgren four-unit funnel traps and Japanese beetle traps were the most effective traps for R. dominica. The bucket trap was least effective. It is possible that observed differences in captures of R. dominica were caused by differences in the size of trap openings. Trap openings refer to exposed portions of the traps through which beetles gain unhindered access into traps. This is Ϸ1,194.5, 810.5, 450.0, and 235.7 cm 2 in Lindgren four-unit traps, Japanese beetle traps, Pherocon II traps, and bucket traps, respectively. Traps with larger openings, such as Lindgren multiple funnel traps and Japanese beetle traps, were likely easier for R. dominica to access and enter. Alternatively, the shapes of Lindgren multiple funnel traps and Japanese beetle traps, which may mimic the silhouette of a vertical tree trunk, could provide visual stimuli that work in concert with the chemical stimuli to elicit beetle response. A tree-like shape might have provided R. dominica, which is from a family of wood boring beetles, with a cue for orientation that is lacking in the other trap designs. Other species of woodboring beetles are known to respond to tree-like traps (Borden et al. 1986 , Flechtmann et al. 2000 .
Although Lindgren eight-unit traps have twice as many identical openings as the four-unit funnel traps, mean capture of R. dominica was not signiÞcantly different between the two trap designs; this indicates that no signiÞcant improvement in trapping efÞcacy may be achieved beyond the optimum trap openings required to maximize access by insects into the trap. Our observations contrast with those reported for Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae), in which trap capture of the beetles was doubled by doubling the heights of conventional Lindgren multiple funnel traps (Borden et al. 1986 ). The difference in our observations and those of Borden et al. (1986) underscore the existence of speciesspeciÞcity in attractiveness of silhouettes of different lengths (i.e., some prefer longer traps, others prefer shorter traps). Lindgren eight-unit funnel traps are bulkier and more expensive than the four-unit traps; therefore, it might be more economical to employ the later or Japanese beetle traps for outdoor trapping of R. dominica.
Results from Experimental Series 3 conÞrmed that R. dominica responded equally to Lindgren four-unit funnel traps and Japanese beetle traps. Similarly, traps with dichlorvos pieces or traps with soapy water, for both trap designs, were equally effective in retaining captured R. dominica; about one-half as many insects were retained in traps lacking a killing agent. This contrasts with the Þndings of Morewood et al. (2002) and De Groot and Nott (2003) on some species of Cerambycidae and Buprestidae. These researchers observed that dry traps with or without insecticide retained fewer insects than traps with soapy water. The larger size, longer legs, and greater agility of species of Cerambycidae and Buprestidae may have enabled them to tolerate and escape from dry traps with insecticide (De Groot and Nott 2003) where the much smaller R. dominica could not. Traps with soapy water may be advantageous over dry traps if sex determination of captured R. dominica using the squeezing method is desired. We observed that beetles captured in traps with soapy water were softer and less likely to be damaged when squeezing the abdominal body region to extrude beetle genitalia.
We found R. dominica populations were higher near grain elevators than in open Þelds or wooded habitats (Fig. 4) . Perhaps this ranking reßects the relative ability of these habitats to sustain R. dominica populations. Having wheat, a primary host plant, in the grain bins during the study may either have increased attraction to those locations or served as a source of beetles. However, absence of readily available food sources in the open Þeld habitats, and the relatively long distance of these traps from populations of R. dominicaÐinfested grain, might be responsible for the lower numbers of beetles in open Þelds. However, the mean numbers of beetles captured in the wooded habitats was higher than the numbers captured in open Þelds, even though wooded habitats also lacked a stored grain source of R. dominica. R. dominica rarely, if ever, infests crops in the Þeld before harvest, based on thousands of samples collected at harvest in Oklahoma (P.A.E. and T.W.P., unpublished data). This pattern contrasts to other stored grain pests such as Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae) and Callosobruchus maculatus F. (Coleoptera: Bruchidae), which will commonly infest drying crops in the Þeld before harvest (Rees 2004) . However, R. dominica is known to disperse over distances and has been observed attacking unprotected grain in storage a few weeks after binning (Gates 1995) . The source of R. dominica attacking newly stored grain remains unknown. We cannot rule out the possibility that beetles trapped in the woods in this study originated from host material other than stored grain. There are anecdotal reports of R. dominica tunneling in various tree species in the wild (Potter 1935 , Linsley 1944 , Mathew 1987 . These beetles have also been reared successfully on several wild fruits and seeds in the laboratory (Wright et al. 1990) , indicating that forest habitats may serve as a temporary niches or provide alternative food sources for R. dominica when preferred grains like wheat are not available.
Little is known about how R. dominica orients to host material not accompanied by pheromones. Preliminary outdoor trapping experiments using whole wheat and wheat extracts have failed to consistently capture R. dominica, indicating that the pest may not respond to host plant volatiles from a distance (P.A.E., unpublished data). Fadamiro et al. (1998) obtained similar results with another bostrichid grain pest, Prostephanus truncatus. We suspect, as has been proposed for many Scolytidae (Borden 1982) , that pioneer male R. dominica, dispersing from natal habitats, arrive by chance in grain warehouses where they feed and release aggregation pheromones, to which conspeciÞc males and females are attracted. The requirement of feeding before release of pheromones is well established for R. dominica (Mayhew and Phillips 1994, Bashir et al. 2003) As newly arrived males begin to feed, pheromones are produced, thus making grain storage facilities more attractive and easy for dispersing adults to Þnd. It is likely that the higher numbers of beetles captured near grain storages using synthetic pheromones in this study might have resulted from recruitment of beetles already being attracted to these sites by natural pheromone sources in the grain bins. The phenomenon of increased attractiveness of infested food sources is thought to occur in other stored product insects and is well established in several species of bark beetles (Borden 1982, Likhayo and Hodges 2000) . Alternatively, the higher number of beetles observed near grain elevator sites, relative to other habitats tested, might have resulted from emigration of endogenous beetle populations from within the grain bins, i.e., products of earlier infestations and their progeny. However, it is not known if R. dominica would leave a source of "unlimited" food supply, as represented by the grain bins in our study locations, to respond to pheromone signals from our traps outside the bins. Further studies are required to determine which, if any, of these explanations is adequate.
Captures of R. dominica in pheromone-baited traps were signiÞcantly affected by interactions between habitat and trap height. The forest sites had a closed canopy of trees at Ϸ6 Ð10 m above the ground. Pheromone-baited traps placed near the vegetation canopies in our wooded sites captured more R. dominica than traps placed at lower heights. Information on optimal ßight height of dispersing R. dominica in different habitats is limited. However, some insect species are known to adopt a predetermined ßight height when dispersing and would avoid obstacles encountered on their ßight path (Arbogast 1966) . It is probable that the optimal ßight height of R. dominica responding to pheromone-baited traps is Ͻ4 m above the ground, however, on encountering obstacles such as tree trunks in wooded habitats, they would attempt to ßy up and over these. This maneuvering may have brought the beetles into contact with pheromone plumes released from traps placed at higher heights (4 m) and be captured in them. This hypothesis is supported by the Þnding that traps placed 1 or 2 m high near grain elevators and open Þelds performed similarly and yielded higher trap catches of R. dominica than traps placed 4 m high in these habitats. Unlike wooded habitats, trap perimeters in open and grain elevators sites do not have objects that might pose obstacles to approaching beetles.
Traps baited with aggregation pheromones of R. dominica captured signiÞcantly more females than males, irrespective of the habitat or trap height treatments. This is in agreement with previous observations on several other stored-product and wood-boring beetles that use male-produced aggregation pheromones (Plarre and Vanderwel 1999 , Cronin et al. 2000 , Phillips et al. 2000 , De Groot and Nott 2001 . One possible explanation is that the primary function of male-produced pheromones in R. dominica is to attract females as potential mates, but other males exploit the signal for locating assembled females and resources (Landolt 1997 , Phillips 1997 . In this sense, the aggregation pheromones of R. dominica may function more as sex pheromones, as suggested for the stored product pest Oryzaephilus surinamensis L. (Coleoptera: Silvanidae) (White and Chambers 1989) , the bark beetle Dendroctonus terebrans Zimm. (Phillips et al. 1990) , and other Scolytidae (Raffa et al. 1993) .
Trap design, trap height, and habitat are critical factors that affect responses of R. dominica to pheromone-baited traps. Among the trap types tested, the Lindgren trap proved to be most effective in trapping R. dominica. Optimum trap height for R. dominica varies with habitat. For example, traps should be placed closer to the canopy vegetation in wooded habitats and from 1 to 2 m high in open habitats. These factors should be considered to optimize monitoring of R. dominica.
